Radiation-produced flatband voltage shifts in MOS capacitors have been measured as a function of incident photon energy and applied electric fields with UV, x-and gamma-ray sources spanning the energy range 70 eV to 1.25 MeV.
INTRODUCTION
The importance of incident photon or 'Cu data from the present work by a factor of 1.8 in order to obtain a value for 60Co. For completeness in this paper it should be noted that in the earlier measurements the 6tCo data was gathered at one of NRL's dry 60Co wells. Some collimation was provided by the well design, and a 1.27 cm thick plastic window covered the well to stop electrons. During exposures the capacitors were surrounded by Al coverings sufficiently thick to insure that "equilibrium" conditions for photoelectrons generated in the samples were established.
DOSIMETRY
Because of the number of different sources, energies and experimental geometries used, quantitative comparison between the results required that care be taken in the dosimetry measurements. Photodiodes, CaF2 TLD chips, spectral measurements and calculations were used to insure the accuracy of the dosimetry. A detailed description of the procedures for using CaF2 dosimeters have been described elsewhere4 5. Below we summarize the steps taken. Table II contains results of the measurements and calculation of doses in experiments where the quality of the TLD measurements were checked.
The incident intensity at 70 eV was determined using an NBScalibrated standard photodiode. Dosimetry at 70 eV with TLD's is not an effective technique due to high surface dose and dose-rate effects in the TLD materials for UV radiations'3 and due to the small spot size and the limited access to components in the ultrahigh-vacuum chamber. Quantum efficiencies for photo-emission from the photocathode have been measured to be 6.5 percent at 70 eV, and Figure 2 shows the calculated deposition profile for 70 eV photons through the capacitor.
Approximately 80 percent of the incident intensity is transmitted through the 200 nm Al dots. However, in SiO2 the beam is rapidly attenuated, and essentially all of the deposition occurs within the first 100 nm of the oxide.
At the normal electron currents in the storage ring, the intensities were too high for experiments that would be comparable to those at higher photon energies. By running with beam intensities two to three orders of magnitude lower than typically available, dose rates in a suitable range could be obtained. The dose rate at the front surface of the SiO2 ranged between approximately 40-185 rads(SiO2)/sec. A few runs at lower dose rates indicated that dose-rate effects probably were not a problem.
Dosimetry for the Al, Cu, Mo and 60Co used included CaF2 TLD chips wrapped in an equilibrium thickness of Al and placed just ahead of, but not shielding, the samples. For the Al, Cu, and Mo energy sources the spectra of the tubes were -measured experimentally; for the Cu and Mo x-ray tubes they were also calculated. To check the TLD results, the dose in the TLD's was calculated using the spectral distribution and a deposition code14 and found to agree within 10 percent. Corrections for In the Al experiment the cross checks on the intensity required additional steps to those made at the higher energies. The intensity of the direct beam could not be measured with the detector in the spectrometer. Therefore measurement of the intensity and the spectral distribution was made after diffraction of the x-rays by a crystal. The spectra consisted of primarily the Al Ka line with a small contribution from scattered lines and continuum. Collimators and the large nonuniform fluoresced region on the Al complicated the geometrical corrections. However, a calculation, after correcting for the diffraction efficiency of the crystal16, agreed to within 35 percent of the values measured with the dosimeters. This result is somewhat worse than we hoped for, but due to the complex geometry within the spectrometer the agreement is probably satisfactory. The corresponding dose rate in SiO2 was 0.07 rads/sec.
EXPERIMENTAL RESULTS
Typical C-V curves for 70 eV irradiations at SURF, which received the highest doses of any samples, are shown in Figure 3 . Maximum flatband voltage shifts just over 2 V were observed at the highest applied fields. As can be seen in the figure the shapes of the curves are essentially parallel, indicating that little of the observed shifts is due to surface states. Similarly shaped curves were obtained for samples irradiated at higher energies. The second term in the denominator allows for the fact that the voltage measured on a parallel plate capacitor is inversely proportional to the separation of the two plates. In Figure 4 it can be seen that, at high fields, where the applied field dominates the recombination processes and essentially all charges escape recombination, the curves approach asymptotes which are indicated as dashed lines. The dashed lines in Figure 4 represent the flatband voltage shift which would occur if there were no electron-hole loss due to recombination. It will be observed that this depends on field approximately as E-/2. We have previously discussed such behavior in Reference 5 where it is argued that the asymptote represents a field dependence of the trapping at the Si:SiO2 interface. The fraction of electron-hole pairs which recombine at each value of field is taken as the ratio of the actual measured trapped charge (solid line) to the trapped charge in the absence of recombination (dashed line).
The positioning of the dashed lines on the plots in Figure 4 was determined by a technique suggested by the work of Ausman and McLean.8 In their paper the reciprocal of the field versus the reciprocal of the collected charge were plotted to determine an average energy of formation of an electron hole pair in SiO2. We have plotted the reciprocal of the field versus the reciprocal of the fraction of electron-hole pairs unrecombined, adjusting the dashed lines of Figure 4 until at infinite field the fraction of electron-hole pairs which are unrecombined is unity. Figure 5 shows the inverse fraction of electrons which escape recombina- Table II ) These results are within the experimental accuracies of TLD's when used in a "batch" mode. For the SURF and Al data, on the other hand, the overall estimated errors are 50 percent. Much of the contributions to the errors in these doses is due to geometrical uncertainties. Additionally, in the case of the SURF data, the value for the energy of formation of electron-hole pairs in SiO2 is uncertain. Work on gases such as argon6 indicate that at 70 eV the average energy of formation has increased by approximately 20 percent. We have included a 20 percent correction to the data of Figure 4 ; however, it is not clear that this correction to the value for the energy of formation of electron-hole pairs in SiO2 is correct. Fortunately, the adjustment to make the recombination zero in the limit of very high fields, as shown in Figure 5 , reduces the relative errors in the data. Therefore, we estimate the relative errors in the unrecombined fraction in Figure 6 are within 20 percent.
7.4 KeV) Figure 6 shows that the recombination of electrons and holes for the several incident photon energies is not the same. In Figure 7 the fraction of unrecombined charges are plotted for a field of 3xl05 V/cm.
Included in Figure 7 is a curve based on the theoretical calculations of The results of this study have implications for applications where UV or low energy x-ray sources may be used. For x-ray lithography, photon sources in the energy range of 100 eV to approximately 3 keV are being considered. It appears that in this energy region that there will be less damage to under-lying oxide layers than have been predicted based on 60Co irradiation data. Additionally, where quantitative comparisons are to be made between data obtained using low and high energy sources, corrections for the response with energy of MOS devices may be required. All of the results here are at relatively low doses. Further work is needed to determine whether or not photon energy influences the production of surface states and bulk trapping.
CONCLUSIONS
Recombination dynamics of electrons and holes in MOS structures vary with incident photon energy. The differences in the recombination can be seen as a minimum in the shifts of flatband voltage which occurs in the 100 eV to 3 keV region. The recombination at 1.49 keV (at or near the minimum in the data) is approximately one third or less or the recombination observed for 60Co at the same field. The experimental data fit the calculations of Brown and Dozier well. This implies that the model is a reasonably good description of general recombination behavior in SiO2. It may be necessary to include energy dependent effects when quantitative comparisons are made between data taken with low energy sources and those taken with high energy sources.
